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A .  In t roduc t ion  and Objec t ive  
Q u a n t i t a t i v e  a n a l y s i s  by rocket-  and s a t e l l i t e - b o r n e  mass spec- 
t rometers  of t h e  atomic oxygen dens i ty  i n  t h e  e a r t h ' s  upper atmosphere 
i s  made d i f f i c u l t  by t h e  r e a c t i v e  c h a r a c t e r  of t h e  oxygen atoms. These 
s p e c i e s  can i n t e r a c t  wi th  s o l i d  su r f aces  by adsorp t ion ,  by formation of 
ox ides ,  and by c a t a l y t i c  product ion of molecular  oxygen. Hence, t h e  
oxygen atom concen t r a t i on  a s  seen by a  mass spectrometer  may be substan-  
t i a l l y  d i f f e r e n t  from i t s  r e a l  va lue  i n  t h e  environment because of atom 
removal on t h e  s u r f a c e s  of t h e  ins t rument .  The o b j e c t i v e  of t h i s  pro- 
j e c t  is t o  e l u c i d a t e  t h e  k i n e t i c s  and mechanisms of i n t e r a c t i o n  of oxy- 
gen atoms wi th  s o l i d  s u r f a c e s  of engineer ing  i n t e r e s t  under cond i t i ons  
s i m i l a r  t o  those  encountered i n  t h e  upper atmosphere. Such informat ion  
w i l l  c o n t r i b u t e  t o  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of atomic oxygen com- 
p o s i t i o n  da t a  r epo r t ed  by mass spec t rometers  i n  f l i g h t .  
Our experimental  approach employs a  r e a c t i o n  ves se l  i n  which t h e  
t o t a l  gas  p re s su re  and t h e  e n t e r i n g  f l u x  of oxygen atoms a r e  he ld  con- 
s t a n t .  The r a t e  of i n t e r a c t i o n  of oxygen atoms wi th  a  meta l  su r f ace  i s  
evaluated by observing t h e  diminution i n  atom f l u x  a t  t h e  o u t l e t  of t h e  
ves se l  when a  specimen of t h e  ma te r i a l  of i n t e r e s t  i s  i n s e r t e d  i n t o  t h e  
r e a c t o r .  Our preceding r e p o r t s  have descr ibed  and d iscussed  t h e  k i n e t i c s  
of i n t e r a c t i o n  of oxygen atoms with a  number of metal  s u r f a c e s  which have 
been employed i n  t h e  f a b r i c a t i o n  of f l i g h t  mass spectrometers .  These 
meta l s  included gold ,  s i l v e r ,  t i t an ium,  and s t a i n l e s s  s t e e l .  Recently 
we have s tud i ed  t h e  i n t e r a c t i o n  of oxygen atoms wi th  aluminum and have 
commenced an i n v e s t i g a t i o n  of t h e  i n t e r a c t i o n  of hydrogen atoms wi th  
go ld .  
B. Experiments 
1. Oxygen Atom Measurements on an Aluminum Specimen 
Reports of a  number of  investigator^',^ t h a t  aluminum possesses  
a  very low c a t a l y t i c  a c t i v i t y f o r  oxygen atom recombination l e d  u s  t o  ex- 
amine t h e  atom l o s s  c h a r a c t e r i s t i c s  of t h i s  meta l .  We c u t  a  specimen 
from 0.001-inch t h i c k ,  commercial f o i l ,  ob ta ined  from t h e  Aluminum 
Corporat ion of America. The specimen was a narrow r ibbon with a geo- 
me t r i c  su r f ace  a r e a  of 23 cm2. Procedures descr ibed  i n  an e a r l i e r  re -  
p o r t 3  were employed t o  mount t h e  specimen i n  t h e  r e a c t o r ,  t o  c a l i b r a t e  
t h e  mass spec t rometer ,  and t o  determine t h e  atom removal r a t e .  Conse- 
quent ly ,  atom l o s s  e f f i c i e n c y  f o r  aluminum may be compared d i r e c t l y  w i t h  
t h a t  f o r  o t h e r  meta l s  we have i n v e s t i g a t e d 4  i n  terms of t h e  r e l a t i v e  
f l u x  of oxygen atoms surv iv ing  t r a n s i t  through t h e  r e a c t o r .  
Before exposure t o  oxygen atoms, t h e  specimen was heated i n  vac- 
uum t o  remove adsorbed contaminants.  Aluminum m e l t s  a t  6 6 0 ' ~ ;  hence 
t h e  c l ean ing  ope ra t i on  had t o  be c a r r i e d  ou t  a t  a very modest tempera- 
t u r e .  We maintained t h e  specimen a t  2 5 0 ' ~  f o r  about  30 minutes;  du r ing  
t h i s  t i m e  water  vapor was t h e  main contaminant t h a t  desorbed from t h e  
sur f  ace .  
Following t h i s  t rea tment  of t h e  specimen, oxygen was admitted t o  
t h e  system and t h e  tungs ten  source was heated t o  2 0 0 0 ' ~  t o  genera te  
oxygen atoms. The composition of t h e  r e a c t o r  e f f l u e n t  was monitored a s  
a func t ion  of oxygen p re s su re  a t  t h e  i n l e t  t o  t h e  atom source r eg ion ,  
and of temperature  of t h e  tungs ten  source.  The observed e f f l u x  of atomic 
oxygen was i d e n t i c a l  t o  t h a t  observed i n  complementary experiments w i th  
no specimen i n  t h e  r e a c t o r ,  w i th in  t h e  l i m i t s  of experimental  e r r o r .  
A f t e r  t h e  aluminum specimen had been exposed t o  gaseous oxygen 
atoms f o r  more than one hour a t  room temperature ,  it was heated t o  2 5 0 ' ~  
f o r  s e v e r a l  minutes .  This  procedure caused no p re s su re  pu l se  i n  t h e  
r e a c t o r  t h a t  could be a t t r i b u t e d  t o  t h e  deso rp t ion  of oxygen o r  any 
o t h e r  gas .  
The aluminum specimen employed i n  our experiments had been s t o r e d  
and manipulated i n  a i r  before  i n s e r t i o n  i n t o  our  vacuum system. Conse- 
quent ly ,  t h e  s u r f a c e  was undoubtedly covered wi th  a l a y e r  of aluminum 
oxide of undetermined th ickness .  Th i s  oxide i s  extremely s t a b l e ,  and 
could no t  be expected t o  d i s s o c i a t e  o r  vaporize i n  t h e  high vacuum en- 
vironment dur ing  t h e  mild (250 '~ )  c l ean ing  t rea tment  t h a t  we used.  W e  
conclude t h a t  t h e  i n e r t  cha rac t e r  of t h i s  su r f ace  toward oxygen atoms 
must be a t t r i b u t e d  t o  aluminum oxide. The l ack  of recombination a c t i v i t y  
observed i n  our  experiments  i s  q u i t e  c o n s i s t e n t  w i th  t h e  r epo r t ed2  low 
va lues  of oxygen atom recombination e f f i c i e n c y  f o r  aluminum oxide d e t e r =  
mined i n  h igher  p r e s s u r e  experiments.  
2 .  Hydrogen Atom Measurements on a Gold Specimen 
The d e s i r e  t o  eva lua t e  q u a n t i t a t i v e l y  t h e  upper atmosphere par-  
t i c l e  dens i ty  of hydrogen atoms from amu-1 peak ampli tudes repor ted  by 
t h e  OGO-F s a t e l l i t e  mass spectrometer ,  l e d  u s  t o  an i n v e s t i g a t i o n  of t h e  
i n t e r a c t i o n  of hydrogen atoms wi th  gold.  Molecular hydrogen can be 
thermal ly  d i s s o c i a t e d ;  i n  f a c t ,  t h e  d i s s o c i a t i o n  process  on a heated 
tungs ten  ribbon has  been s tud i ed .  We chose,  t h e r e f o r e ,  t o  employ t h e  
i d e n t i c a l  atom source  used f o r  oxygen i n  our experiments a s  a source f o r  
hydrogen atoms. 
Our appara tus3  was modified only by a d d i t i o n  of a hydrogen i n l e t  
l i n e  and va lve ,  i n  p a r a l l e l  with t h e  e x i s t i n g  oxygen i n l e t  l i n e .  Ex- 
per iments  were then  c a r r i e d  out  i n  a manner analogous t o  those  using 
oxygen; t h a t  i s ,  t h e  hydrogen i n l e t  va lve  was opened t o  e s t a b l i s h  a 
s teady  s t a t e  f low through t h e  apparatus  whi le  t h e  tungs ten  r ibbon was 
heated t o  1900°c, and t h e  composition of t h e  r e a c t o r  e f f l u e n t  was moni- 
t o r ed  with t h e  mass spec t rometer .  S p e c i f i c a l l y ,  we observed t h e  r a t i o  
of atomic t o  molecular  hydrogen (amu l/amu 2 )  a s  a func t ion  of t h e  pres -  
s u r e  of hydrogen i n  t h e  atom source i n l e t .  
A s  might have been expected,  we observed i n i t i a l l y  a mass f l u x  
of water  (amu 18) i n  t h e  r e a c t o r  e f f l u e n t  a s  l a r g e  a s ,  o r  l a r g e r  t han ,  
t h a t  of molecular hydrogen. The magnitude of t h i s  component diminished 
w i t h  t ime ,  presumably a s  t h e  ox ides  t h a t  had accumulated i n  t h e  atom 
source region were reduced by t h e  atomic hydrogen. However, water  r e -  
mained a p r i n c i p a l  c o n s t i t u e n t  i n  t h e  e f f l u e n t  even a f t e r  prolonged 
hea t ing  of a new tungs ten  ribbon i n  hydrogen a t  any temperature  s u f f i -  
c i e n t  t o  d i s s o c i a t e  hydrogen over our range of a c c e s s i b l e  hydrogen pres -  
s u r e s .  
The presence of water  was undes i rab le  because i t  con t r ibu t ed  
s u b s t a n t i a l l y  t o  t h e  amu-1 peak due t o  cracking i n  t h e  ion  source of 
our  mass spectrometer .  The cracking p a t t e r n  of water  was determined 
over  a  range of p r e s su re s  and of i o n i z i n g  e l e c t r o n  e n e r g i e s ,  but  t h e  
con t r ibu t ion  of amu-18 t o  amu-1 could never be reduced below 3%. This  
amount represen ted  a  s i z e a b l e  c o r r e c t i o n  t o  apply t o  observed amu-1 
ampli tudes i n  a l l  t h e  experiments c a r r i e d  ou t  i n  our appara tus .  
The su rv iv ing  f l u x  of hydrogen atoms, even wi th  no specimen i n  
t h e  r e a c t o r ,  was q u i t e  smal l .  The d a t a  show, however, t h a t  t h e  magni- 
t ude  of t h e  su rv iv ing  atom f l u x  i s  s i g n i f i c a n t l y  diminished when t h e  
gold specimen i s  s i t u a t e d  i n  t h e  r e a c t o r .  Th i s  specimen i s  t h e  i d e n t i c a l  
p i e c e  of 0.002-inch f o i l ,  wi th  a  geometric su r f ace  a r e a  of 24.5 cm2, 
employed i n  our e a r l i e r  measurements w i th  atomic oxygen.3 The observed 
f r a c t i o n a l  change i n  surv iv ing  f l u x  of hydrogen atoms, Q /Q*, has  a  va lue  H H 
of 0.62 ( t h e  a s t e r i s k  r e p r e s e n t s  t h e  quan t i t y  a s soc i a t ed  with t h e  empty 
r e a c t o r ) .  
We a l s o  determined t h e  r a t e  of so rp t ion  of hydrogen atoms on t h e  
gold specimen a t  room temperature ,  us ing  t h e  same technique prev ious ly  
employed3 t o  measure t h e  r a t e  of so rp t ion  of oxygen atoms on var ious  
me ta l s .  Under t h e  cond i t i ons  of our experiments,  t h e  r a t e  of so rp t ion  
of molecular hydrogen was neg l ig ib ly  smal l .  Atomic hydrogen, however, 
sorbed 'a t  a  f i n i t e  r a t e  which diminished wi th  t ime,  a s  shown i n  Fig.  1. 
Based on t h i s  observed change i n  so rp t ion  r a t e ,  we computed t h e  s t i c k i n g  
c o e f f i c i e n t ,  S ,  f o r  hydrogen atoms on gold a s  a  func t ion  of su r f ace  
coverage (F ig .  2 ) .  
C .  Discussion 
There i s  ample evidence from experiments c a r r i e d  out  a t  h igher  
p re s su re s  (up t o  1 atmosphere) t h a t  gaseous hydrogen atoms w i l l  adsorb 
and r e a c t  on a  gold ~ u r f a c e . ~ , ~ , '  I t had been t a c i t l y  assumed by most 
observers  t h a t ,  upon exposure t o  atomic hydrogen, a  gold su r f ace  would 
be r a p i d l y  populated t o  u n i t  coverage, because t h e  adsorp t ion  of such 
gaseous atoms i s  a  nonac t iva ted  process .  However, our  presen t  d a t a  
(F ig .  1) i n d i c a t e  t h a t  hydrogen atoms reach a  l i m i t i n g  coverage on gold 
equiva len t  t o  l e s s  than  0 . 1  monolayer (1 monolayer - l o i 5  atoms/cm2). 
A s  y e t ,  we have no d i r e c t  experimental  evidence r e l a t i n g  t h e  s teady 
s t a t e  l i m i t  of coverage t o  t h e  pressure  of atomic hydrogen. I t  i s  of 
i n t e r e s t  t o  n o t e ,  however, t h a t  t h e  hydrogen atom recombination ef f i- 
ciency of a gold specimen a t  2 5 ' ~  was determined i n  our  e a r l i e r  work2 
t o  have a va lue  of 0.072 when exposed t o  atomic hydrogen a t  a p r e s su re  
of approximately l om3  t o r r .  The c l o s e  agreement of t h i s  value w i th  t h e  
c l ean  su r f ace  s t i c k i n g  c o e f f i c i e n t  of 0.06 (F ig .  2 ) ,  considered t o g e t h e r  
wi th  t h e  low steady s t a t e  degree of coverage, tempts u s  t o  suggest  t h a t  
hydrogen atom recombination occurs  on a gold s u r f a c e  by a Langmuir- 
Hinshelwood mechanism ( r e a c t i o n  between ad j acen t  sorbed atoms) a t  a r a t e  
t h a t  i s  l imi t ed  by t h e  adso rp t ion  process .  I f  t h i s  be t h e  case ,  chemi- 
sorbed hydrogen i s  very weakly bound on gold and e x i s t s  i n  a h igh ly  mo- 
b i l e  s t a t e .  A few a d d i t i o n a l  experiments a t  d i f f e r e n t  p a r t i a l  p r e s su re s  
of gaseous atomic hydrogen a r e  requi red  t o  c l a r i f y  t h i s  s i t u a t i o n .  Such 
measurements, i n  a d d i t i o n  t o  d i r e c t  de te rmina t ions  of t h e  r a t e  of asso-  
c i a t i v e  desorp t ion  of chemisorbed hydrogen from gold ,  a r e  being pursued. 
The r a t h e r  small  e f f e c t  of t h e  gold specimen on t h e  f l u x  of hydro- 
gen atoms surv iv ing  t r a n s i t  through t h e  r e a c t o r  ( Q  /Q+' = 0.62) i s  not  H H 
i ncons i s t en t  wi th  t h e  adso rp t ion  r a t e  r e s u l t s ,  i f  w e  assume t h a t  no 
atom recombination occurs  by way of an Eley-Rideal mechanism ( r e a c t i o n  
between a gas  atom and an adatom). Such an assumption i s  q u i t e  reason- 
a b l e  i n  view of t h e  low s teady  s t a t e  adatom coverage observed i n  our ex- 
per iments  (F ig .  1).  
D.  P r a c t i c a l  Conclusions 
The h ighly  i n e r t  and s t a b l e  c h a r a c t e r  of aluminum oxide-clad 
aluminum toward oxygen atoms i n d i c a t e s  t h a t  t h i s  m a t e r i a l  might be q u i t e  
acceptab le  a s  a m a t e r i a l  of cons t ruc t ion  f o r  f l i g h t  mass spec t rometers .  
One no te  of cau t ion  should be r a i s e d .  There i s  some evidence,from 
e a r l i e r  experiments c a r r i e d  ou t  i n  our  l abo ra to ry ,  t h a t  t h e  aluminum 
oxide su r f ace  coa t ing  on an aluminum wire  can be slowly reduced by pro- 
longed exposure t o  atomic hydrogen. The hydrogen atom dens i ty  i n  t h e  
upper atmosphere i s  very low; y e t ,  over  long per iods  of t ime such a su r -  
f a c e  change might occur ,  w i th  consequent,  unpred ic tab le  e f f e c t  on t h e  
r a t e  and n a t u r e  of oxygen atom i n t e r a c t i o n .  
The hydrogen atom-gold i n t e r a c t i o n  p i c t u r e  i s  no t  y e t  complete.  
The r e s u l t s  so  f a r  i n d i c a t e  t h a t  t h e  r a t e  of l o s s  of hydrogen atoms on 
gold i s  r e l a t i v e l y  low, s o  t h a t  c o r r e c t i o n s  t o  be appl ied  t o  amu-1 d a t a  
r epo r t ed  by t h e  OGO-F f l i g h t  mass spectrometer  would be smal l .  One 
might a n t i c i p a t e  t h a t  an oxygen-saturated gold su r f ace  exposed t o  an i n -  
c i d e n t  f l u x  of hydrogen atoms would consume t h e  r e a c t a n t s  by t h e  ca ta -  
l y t i c  product ion of water .  Indeed, Harteck and Reeves r epo r t ed8  t h a t  
t h e  r a t e  of l o s s  of oxygen atoms on gold increased  when atomic hydrogen 
was p re sen t .  Never the less ,  t h e  r a t e  of t h i s  r e a c t i o n  has  no t  been eva l -  
ua ted  q u a n t i t a t i v e l y .  The f a c t  t h a t  an amu-1 peak i s  being repor ted  by 
t h e  gold-plated OGO-F mass spectrometer  from an ambient environment where 
hydrogen atoms a r e  a very minor c o n s t i t u e n t  r e l a t i v e  t o  oxygen atoms 
sugges ts  t h a t  under such cond i t i ons  t h e  hydrogen-oxygen r e a c t i o n  on 
gold i s  not  p a r t i c u l a r l y  e f f i c i e n t .  
E .  Fu ture  Work 
Our immediate p lans  a r e :  (1) t o  complete our i n v e s t i g a t i o n  of 
t h e  i n t e r a c t i o n  of hydrogen atoms wi th  gold;  (2 )  t o  a s s e s s ,  i f  p o s s i b l e ,  
t h e  e f f e c t  of presorbed oxygen on t h e  atomic hydrogen i n t e r a c t i o n  on 
gold ;  (3 )  t o  c o n s t r u c t  and c a r r y  ou t  s e l e c t e d  experiments i n  a r e a c t o r  
of more squat  geometry t h a t  w i l l  be amenable t o  p r e c i s e  t h e o r e t i c a l  
t r ea tmen t .  
F. Personnel  
Personnel  who have p a r t i c i p a t e d  i n  t h i s  program dur ing  the  
p a s t  q u a r t e r  i nc lude  B i l l  R .  Baker, Henry Wise, and Bernard J .  Wood. 
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FIGURE 1 MASS OF HYDROGEN ATOMS ADSORBED ON A GOLD SURFACE AT 2 5 " ~  
AS A FUNCTION OF EXPOSURE TIME. Time 0 indicates cessation of heating 
of gold specimen to 650 '~.  P,, = 1 X torr; PH = 2 X torr. 
2 
FIGURE 2 STICKING COEFFICIENT, S, OF HYDROGEN ATOMS ON A GOLD 
SURFACE AT 2 5 " ~  AS A FUNCTION OF SURFACE COVERAGE, M. 
PH = 1 X torr; P .= 2 X torr. 
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